Recently, we reported that the prototypical Staphylococcus aureus strain RN6390 (a derivative of NCTC 8325) had significantly reduced aconitase activity relative to a diverse group of S. aureus isolates, leading to the hypothesis that strain RN6390 has impaired tricarboxylic acid (TCA) cycle-mediated acetate catabolism. Analysis of the culture supernatant from RN6390 confirmed that acetate was incompletely catabolized, suggesting that the ability to catabolize acetate can be lost by S. aureus. To test this hypothesis, we examined the carbon catabolism of the S. aureus strains whose genome sequences are publicly available. All strains catabolized glucose and excreted acetate into the culture medium. However, strains NCTC 8325 and N315 failed to catabolize acetate during the postexponential growth phase, resulting in significantly lower growth yields relative to strains that catabolized acetate. Strains NCTC 8325 and RN6390 contained an 11-bp deletion in rsbU, the gene encoding a positive regulator of the alternative sigma factor B encoded by sigB. An isogenic derivative strain of RN6390 containing the wild-type rsbU gene had significantly increased acetate catabolism, demonstrating that B is required for acetate catabolism. Taken together, the data suggest that naturally occurring mutations can alter the ability of S. aureus to catabolize acetate, a surprising discovery, as TCA cycle function has been demonstrated to be involved in the virulence, survival, and persistence of several pathogenic organisms. Additionally, these mutations decrease the fitness of S. aureus by reducing the number of progeny placed into subsequent generations, suggesting that in certain situations a decreased growth yield is advantageous.
The tricarboxylic acid (TCA) cycle is an essential source of energy and biosynthetic intermediates for many organisms. Pathogenic organisms can be divided into three categories based on the TCA cycle. Those in the first group do not possess a TCA cycle and have become dependent upon the host to provide amino acids or intermediates for biosynthesis (e.g., Borrelia burgdorferi and Streptococcus pyogenes). Those in the second group have an incomplete TCA cycle and are auxotrophic for some amino acids (e.g., Yersinia pestis and Haemophilus influenzae). Lastly, the third group is characterized as having a complete TCA cycle (e.g., Pseudomonas aeruginosa and Staphylococcus aureus) but, depending upon other metabolic limitations, can be auxotrophic for certain amino acids. The relative independence of the latter two groups of pathogens on the host for amino acids suggests that the TCA cycle may perform important functions in these organisms during pathogenesis. This supposition is supported by extensive experimental data demonstrating that TCA cycle function is involved in virulence, survival, and persistence (11, 20, 34, 36, 51, 53) .
Transcriptional regulation of TCA cycle genes is primarily dependent on the presence of oxygen and the carbon source (10, 21, 22, 54, 55) . In gram-negative bacteria, TCA cycle activity is greatest during aerobic growth in a medium containing a carbon source capable of being converted into acetylcoenzyme A. In contrast, gram-positive bacteria repress the TCA cycle when grown in the presence of a rapidly catabolizable carbon source and glutamate. Derepression of the TCA cycle occurs upon depletion of the readily catabolizable carbon source(s) and/or glutamate and coincides with the depletion of acetate from the culture medium. Acetate enters into the TCA cycle in the form of acetyl-coenzyme A when it is ligated with oxaloacetate to produce citrate through the action of citrate synthase. Genetic inactivation of the TCA cycle prevents the catabolism of acetate (53) .
Staphylococcus aureus is a gram-positive pathogen of humans and animals, causing significant morbidity, mortality, and economic loss (49) . The organism produces many extracellular virulence factors and cell wall-associated adherence proteins that are important for colonization, tissue invasion, evasion of host defenses, and nutrient acquisition. The expression of many virulence factors is negatively regulated by glucose and is maximal during the postexponential phase of growth (45) . S. aureus uses the pentose phosphate and glycolytic pathways to catabolize glucose to pyruvate ( Fig. 1) (5) . The catabolic fate of pyruvate is determined by the growth conditions. Under anaerobic growth, pyruvate is reduced to lactic acid (30, 31) , whereas during aerobic growth, pyruvate undergoes oxidative decarboxylation to produce acetyl-coenzyme A (19) . Acetylcoenzyme A is converted into acetylphosphate, which is then used for substrate-level phosphorylation to generate ATP and acetate. As stated above, acetate accumulates in the culture medium until the concentration of glucose decreases to a level at which it can no longer sustain rapid growth. The exit from the exponential phase of growth corresponds with the catabolism of acetate (53) .
The post-exponential phase of growth is characterized by increased extracellular virulence factor production and derepression of genes encoding the enzymes of TCA cycle. Many secondary metabolites (e.g., acetate in the form of acetyl-coenzyme A) are catabolized by the TCA cycle. Recently, we have shown that inactivation of the TCA cycle enzyme aconitase prevents post-exponential-phase catabolism of acetate, induces a premature stationary phase, and significantly reduces virulence factor production (53) . Surprisingly, the commonly used S. aureus strain RN6390 (a derivative of NCTC 8325) has significantly reduced aconitase activity relative to a genetically diverse group of recent clinical isolates (52) . These findings led us to hypothesize that strain RN6390 has impaired acetate catabolism and that S. aureus secondary metabolite catabolism can be altered or lost. Our hypothesis would seem to contradict the data obtained by site-directed mutagenesis and in vivo mutagenesis screens that have identified components of the TCA cycle as being important for S. aureus pathogenesis (9, 38, 53) . These studies demonstrated that inactivation of the TCA cycle enzymes aconitase (citB/acnA), ␣-ketoglutarate dehydrogenase (odhA), or dihydrolipoamide succinyltransferase (odhB) could alter the host-pathogen interaction.
Genotypic variation within the S. aureus species has been studied extensively (16, 17, (42) (43) (44) , with particular interest in the agr operon (12, 28, 29, 37, 52) . Phenotypic studies of S. aureus have primarily focused on amino acid requirements (14, 35, 47, 48, 56) or exponential-phase carbon catabolism (1, 13, 27, 41, 47, 50) . However, analysis of postexponential growth phase catabolism in S. aureus has been largely ignored (53) , and variation in postexponential growth phase catabolism has not been studied. These issues are important to study because most secreted virulence factors are expressed during the postexponential phase of growth (45) . Hence, the aims of this study were to determine if variation exists in S. aureus postexponential growth phase catabolism and to assess the physiological consequences, if any, of such variation. To address these aims, we chose to examine the growth, catabolism, and virulence factor production of eight S. aureus strains whose genomes have been sequenced. These strains represent the "wild-type" strains used in S. aureus research for the last 30 years and presented an excellent opportunity to examine phenotype-genotype correlations in this organism.
MATERIALS AND METHODS
Bacterial strains, materials, and growth conditions. The strains used in this study are listed in Table 1 . S. aureus strains were grown in tryptic soy broth (TSB) containing 0.25% glucose (BD Biosciences, Sparks, Md.) or on TSB containing 1.5% agar (TSA). All bacterial cultures were inoculated 1:200 from an overnight culture (normalized for growth) into TSB, incubated at 37°C, and aerated at 225 rpm, with a flask-to-medium ratio of 10:1. Bacterial growth was assessed by measuring the optical density at 600 nm.
Measurement of acetate, glucose, and ammonia in culture supernatants. Aliquots of bacteria (1.5 ml) were centrifuged for 5 min at 20,800 ϫ g at 4°C, and supernatants were removed and stored at Ϫ20°C until use. Acetate, glucose, and ammonia concentrations were determined with kits purchased from R-Biopharm, Inc. (Marshall, Mich.) and used according to the manufacturer's directions.
Determination of beta-hemolytic titers. To determine beta-hemolytic activity, twofold serial dilutions of culture supernatants were mixed with an equal volume of 2% washed rabbit erythrocytes in U-bottomed microtiter plates. The plates were incubated at 37°C for 60 min and then at 4°C overnight. The hemolytic titer is defined as the inverse of the highest dilution at which 50% of the erythrocytes remained intact after the overnight incubation (16) .
RNA isolation and Northern blot analysis. Bacterial cultures were grown as described above. Cells were harvested by centrifugation, and total RNA was isolated with the FastPrep system (Qbiogene, Carlsbad, Calif.). RNA samples (10 g) were electrophoresed in a 1. Detection of specific transcripts was done with the enhanced chemiluminescence detection kit (Amersham). As an internal control, all Northern blots were probed for 16S rRNA.
Western immunoblot analysis. S. aureus strains were grown for 7 h, and culture supernatants (15 ml Determination of stationary-phase survival. Single bacterial colonies were inoculated into 1-liter flasks containing 100 ml of TSB, grown at 37°C, and aerated by shaking at 225 rpm for 8 days. Aliquots (200 l) were removed at 24-h intervals, and the CFU per milliliter were determined with TSA. Sterile deionized water was added as needed to offset the evaporative loss of water.
␣-Ketoglutarate dehydrogenase activity assays. ␣-Ketoglutarate dehydrogenase activity was assayed in cell-free lysates of S. aureus prepared as follows. Aliquots (3 ml) were harvested at the indicated times and centrifuged, and bacteria were suspended in 1.5 ml of lysis buffer containing 100 mM Tris (pH 7.0), 0.1 mM dithiothreitol, 2 mM MgCl 2 , and 50 g of lysostaphin per ml (Sigma). The bacteria were incubated at 37°C for 10 min and ruptured twice with a French press at 15,000 lb/in 2 . The lysate was centrifuged for 5 min at 20,800 ϫ g at 4°C. ␣-Ketoglutarate dehydrogenase activity was assayed in the cell-free lysate with the method described by Fisher (15) .
Nucleotide sequencing and alignments. DNA nucleotide sequences, deposited in the publicly available S. aureus genomic DNA sequence databases (Table 1) , were aligned and analyzed with Lasergene (DNAStar, Madison, Wis.). DNA sequencing of strain Mu50 open reading frame SA1149 was performed as described before (52) with primers sdhB for-1 (5Ј-GAAGAAACATTTGAAATT CCATATCG) and sdhB rev-1 (5Ј-TGGTCCCGGACCTAAATCATACGTTC).
RESULTS
Carbon catabolism in S. aureus strain RN6390. Recently we reported that S. aureus strain RN6390, a strain used extensively for genetic and virulence studies, has significantly reduced aconitase activity relative to a genetically diverse group of recent clinical isolates (52) . This observation led us to hypothesize that acetate catabolism was impaired in strain RN6390. To test this hypothesis, the concentration of acetate in the culture supernatant was assayed throughout the growth cycle ( Fig. 2A) . Consistent with this hypothesis, the strain did not substantially deplete acetate from the culture medium.
Carbon catabolism by strains whose genomes have been sequenced. The inability of strain RN6390 to catabolize acetate suggested that S. aureus secondary metabolite catabolism could be altered or lost. To examine this question, the carbon catabolism of additional S. aureus strains was studied. We used eight strains whose genome sequences are publicly available (Table 1) to permit the analysis of phenotype-genotype correlations. The concentration of glucose and acetate in the culture supernatants of these eight strains grown in the presence 0.25% (wt/vol) glucose were determined. All strains depleted glucose and accumulated acetate in the culture medium, confirming a common path for the catabolism of glucose (Fig. 3) . FIG. 2. Growth characteristics of S. aureus strains RN6390 and SH1000. Strains (A) RN6390 (rsbU mutant) and (B) SH1000 were grown in TSB. At 1-h intervals, an aliquot (1.5 ml) was removed, the absorbance at 600 nm was measured, and the glucose, acetate, and ammonia concentrations in the culture supernatants were determined. The results presented are representative of at least two independent experiments. However, two strains (NCTC 8325 and N315) failed to catabolize acetate (Fig. 3) , even after 27 h in culture (data not shown). These data demonstrated that S. aureus strains vary in their ability to catabolize acetate, a secondary metabolite. The inability to obtain carbon from the catabolism of acetate could increase the catabolism of other metabolites, such as amino acids. To test this hypothesis, the concentration of ammonia (an indicator of amino acid catabolism) in the culture supernatants was measured throughout the growth cycle (Fig.  3) . The amount of ammonia produced by strains N315 and NCTC 8325 was not significantly different from the amount produced by strains MW2, Mu50, MSSA-476, MRSA-252, COL, and RF122. Additionally, the concentration of ammonia correlated well with the growth yields of all strains ( ϭ 0.86). Taken together, these data suggested that strains NCTC 8325 and N315 did not compensate for the loss of acetate catabolism by increasing amino acid catabolism. Hence, the loss of acetate catabolism restricted the pool of carbon available for growth. This result suggests that strains NCTC 8325 and N315 would have a diminished growth yield relative to strains that catabolize acetate. To test this hypothesis, the growth yields of the eight strains after 12 h of growth were determined. Consistent with this hypothesis, strains that catabolized acetate had significantly higher growth yields relative to strains that did not catabolize acetate, except for strain MRSA-252 (Table 2) . Thus, the loss of acetate catabolism correlates with a diminished growth yield, and the total number of bacteria would be reduced relative to the number of bacteria capable of catabolizing acetate. Taken together, these data suggest that virulence factor production would be lower in strains that lack secondary metabolite catabolism because fewer bacteria would be generated.
␤-Hemolytic activity and alpha-toxin and protein A production. S. aureus secretes or has on its cell surface many virulence factors whose expression is growth phase dependent. Cellassociated proteins, such as protein A, are produced primarily in the exponential phase and repressed during the postexponential phase of growth. In contrast, secreted proteins such as alpha-toxin are produced primarily in the postexponential phase and repressed in the exponential phase of growth (8) . As noted above, entry into the postexponential phase of growth coincides with the depletion of glucose from the culture medium and the catabolism of acetate. Hence, it is reasonable to postulate that strains that do not catabolize acetate will have less carbon and energy for virulence factor production. Additionally, the decreased growth yields of strains that do not catabolize acetate would be predicted to decrease the total amount of virulence factors made in the postexponential growth phase.
To address these possibilities, beta-hemolytic titers were determined and alpha-toxin (hla) and protein A (spa) protein levels were examined by Western immunoblots (Table 2 and data not shown). Although there was considerable variation in the beta-hemolytic activity of the eight strains, there was no simple correlation between the ability to catabolize acetate and the hemolytic titers of the strains. The presence of alpha-toxin was confirmed by Western immunoblot analysis for all strains with hemolytic activity except those with the lowest hemolytic titers (strains MRSA-252 and Mu50). As expected, protein A production correlated inversely with alpha-toxin production except in strain MRSA-252, which produced neither protein (data not shown). These data demonstrate that virulence factor production occurs independently of the ability to catabolize acetate.
RNAIII transcription. Virulence factor production in S. aureus is regulated in part by the agr loci (46) . Two divergently transcribed RNAs are made from the agr loci. RNAII codes for the components of the agr cell density-dependent transcriptional regulatory system, and RNAIII is the RNA effector molecule. RNAIII reciprocally regulates the synthesis of cellassociated adhesion factors and secreted proteins. Mutation of the agr operon results in the loss of RNAIII and alpha-toxin production and the derepression of protein A expression (46) . The lack of detectable alpha-toxin production by strains N315, COL, and Mu50 coupled with post-exponential growth phase production of protein A by these strains (Table 2) suggested that these strains do not synthesize RNAIII. To test this hypothesis, Northern blot analysis was used to determine if RNAIII was made (Fig. 4) . Detectable levels of RNAIII were made by all strains except N315 and Mu50. Strain COL had a low level of RNAIII after 9 h of growth. The low level of RNAIII made by strain COL could account for the absence of detectable alpha-toxin and enhanced protein A production; however, it is unclear why the low level of RNAIII did not affect the beta-hemolytic titer.
Stationary-phase survival. Aconitase inactivation enhances stationary-phase survival of S. aureus (53) . The two more likely explanations for this observation are that (i) the metabolic block in the TCA cycle prevents the catabolism of secondary metabolites, thus depriving the bacteria of the necessary energy to enter the death phase, and (ii) aconitase has a direct role in regulating entry into the death phase. The observation that strains NCTC 8325 and N315 had impaired acetate catabolism provided an opportunity to elucidate the basis of the increased stationary-phase survival of an aconitase mutant. To determine if secondary metabolite catabolism is necessary for entry into the death phase, single bacterial colonies were inoculated into TSB and incubated with aeration for 8 days, and the CFU were determined daily (Fig. 5) . All eight S. aureus strains reached a maximum cell density within 48 h of inoculation and entered the death phase within 72 h. The rate of loss of viability was approximately equal for all strains except Mu50, consistent with previous observations that strain Mu50 loses viability rapidly (23) . Interestingly, the rapid loss of viability by strain Mu50 was followed by stabilization of the cell density and remaining viable after 8 days in culture. Taken together, these data indicated that secondary metabolite catabolism was not required for the entry into the death phase.
Molecular basis of loss of secondary metabolite catabolism in strains NCTC 8325 and N315. Strains N315 and NCTC 8325 entered the stationary phase of growth prematurely (Fig. 3) . Previously, we reported a similar phenotype in an aconitase mutant strain (53) , leading us to speculate that one or both strains had a mutation in one or more of the TCA cycle genes. To address this possibility, the nucleotide sequences of all genes encoding TCA cycle enzymes from strains MW2, Mu50, MSSA-476, MRSA-252, COL, NCTC 8325, and N315 were examined for the presence of mutations that could potentially disrupt the TCA cycle (data not shown). Sequence analysis revealed numerous polymorphisms, but the mutations in only two strains (strains Mu50 and N315) would be predicted to result in amino acid deletions or truncations. Strain Mu50 had a single base pair deletion in the gene encoding the succinate dehydrogenase beta subunit (sdhB) (http://w3.grt.kyushu-u.ac .jp/VRSA/, open reading frame SAV1149, between nucleotides 285 and 286), causing a frameshift and resulting in a predicted protein truncation. Strain Mu50 catabolizes acetate, leading us to speculate that the single nucleotide deletion was a sequencing artifact. To address this possibility, we sequenced a region Ϸ150 bases upstream and downstream of the putative deletion (data not shown). Consistent with the hypothesis, no deletion was present in this region of the sdhB gene.
Strain NCTC 8325. There were no mutations in the TCA cycle genes of NCTC 8325, suggesting that a metabolic block in the TCA cycle was not the cause of the loss of acetate catabolism. Previously, it was reported that strain NCTC 8325 contains an 11-bp deletion in rsbU (32), a gene encoding a positive regulator of the alternative sigma factor B encoded by sigB. This mutation is also present in strain RN6390, a derivative of strain NCTC 8325 (24) , raising the possibility that impaired acetate catabolism in strains NCTC 8325 and RN6390 was due to the loss of B function. To test this hypothesis, the concentrations of glucose and acetate in the culture medium were determined for strain RN6390 and the isogenic strain SH1000 (strain RN6390 containing a wild-type rsbU gene) (24) (Fig. 2) . Consistent with our hypothesis, strain SH1000 had a significantly enhanced ability to catabolize acetate, resulting in an increased growth yield. These data indicated that wild-type B function was required for acetate catabolism. Strain N315. Strain N315 had a 66-bp deletion in the ␣-ketoglutarate dehydrogenase gene odhA, which encodes the E1 subunit of the ␣-ketoglutarate dehydrogenase complex (Fig.  6) , consistent with the inability of N315 to catabolize acetate. The 66-bp deletion was confirmed by PCR (Fig. 6) . Interestingly, the 66-bp deletion retains the open reading frame, raising the possibility that ␣-ketoglutarate dehydrogenase activity is present in strain N315. To test this possibility, cell lysates of strains MSSA-476, Mu50, and N315 were assayed for ␣-ketoglutarate dehydrogenase activity. The level of activity varied between the three strains, but all had ␣-ketoglutarate dehydrogenase specific activity (data not shown). These data demonstrated that the loss of acetate catabolism by strain N315 was not likely due to the mutation in the odhA gene.
The absence of an association between the odhA mutation and the loss of acetate catabolism led us to examine the nucleotide sequences of the genes required for sigB expression (rsbU, rsbV, rsbW, and sigB). Unlike NCTC 8325, no mutations were found that would account for the inability to catabolize acetate (data not shown). Additionally, sigB mutants are hypertoxigenic with respect to alpha-toxin production (7), a result inconsistent with our observations (Table 2) . Thus, the cause of the loss of acetate catabolism in strain N315 remains unknown.
DISCUSSION
Bacteria normally adapt to distinct environmental niches by altering gene expression, allowing for growth and survival (18) . This type of niche adaptation is readily reversible and usually transient. However, niche adaptation can also occur by the accumulation of mutations within the genome of the organism (3, 6, 25) . This type of niche adaptation can be permanent but may be reversed by additional mutations. Thus, the loss of secondary metabolite catabolism would represent a permanent niche adaptation, implying that mutations could be found that would account for the loss of function. The whole-genome nucleotide sequencing of the eight S. aureus strains examined in this study presented a unique opportunity to examine phenotype-genotype correlations in a medically important organism.
Origins of the loss of acetate catabolism-laboratory attenuation? The strains chosen for whole-genome sequencing were originally isolated from human or animal sources. These strains have undergone long-term laboratory propagation, raising the possibility that the loss of acetate catabolism occurred subsequent to their isolation from a host. The loss of acetate catabolism correlated with a decreased growth yield relative to strains that do catabolize acetate (Table 2) , resulting in a competitive disadvantage. However, the propagation of S. aureus in either batch or continuous culture caused an increase in the growth yield (4, 52) , leading to an increased competitive fitness in vitro. Laboratory propagation of S. aureus has also been associated with mutations in the agr operon (4, 37, 52); however, these mutations are not known to affect acetate catabolism. Interestingly, the serial passage of S. aureus strain SA564 for 6 weeks in batch culture failed to produce any deletions in the genome (52) or sequence alterations in the serine-aspartate repeat region of clumping factor B (clfB) (B. N. Kreiswirth, unpublished data). Taken together, these data suggest that mutations affecting acetate catabolism in strains NCTC 8325 and N315 predate their isolation from a host.
Implications of loss of secondary metabolite catabolism. Aerobically grown S. aureus cells catabolize glucose and accumulate acetate extracellularly during the exponential phase of growth (Fig. 1) . When the concentration of glucose decreases to a level at which it can no longer sustain rapid growth, the bacteria enter the postexponential phase and catabolize acetate ( Fig. 1 and 3) . Interestingly, two of the eight S. aureus strains (N315 and NCTC 8325) whose genomes have been sequenced have lost the ability to catabolize acetate. The loss of acetate catabolism did not alter stationary-phase survival (Fig. 5) or affect virulence factor production ( Table 2) , suggesting the absence of an obvious advantage for maintaining acetate catabolism. However, both strains have reduced growth yields relative to strains that do catabolize acetate. One measure of fitness in an organism is its ability to place progeny into the next generation; hence, a reduced growth yield would decrease the fitness of bacterial strains that do not catabolize acetate relative to those that do catabolize acetate.
Evolution of a catabolic pathway? The evolutionary origin of the TCA cycle has been of considerable research interest for many years and has been used as a paradigm for the study of the origin and evolution of complex metabolic pathways (2, 26, 39, 40, 57) . The consensus is that the TCA cycle evolved as two independent pathways for the assimilation of pyruvate into biosynthetic intermediates (an oxidative pathway for the generation of ␣-ketoglutarate and a reductive pathway for the synthesis of succinyl-coenzyme A) and that it was a complete cycle in proteobacteria (26) . Thus, the observation that the predominant form of the TCA cycle in prokaryotes is an incomplete one suggests that the TCA cycle is undergoing reductive evolution (26) . We have presented evidence that demonstrates that S. aureus can lose secondary metabolite catabolism, raising the possibility that the S. aureus TCA cycle is undergoing reductive evolution by multiple independent genetic events.
Postgenomic challenges for staphylococcal research. The S. aureus strains chosen for whole-genome sequencing represent a genetically diverse group of organisms with a common feature: they all successfully colonized and caused disease in humans or animals. We have demonstrated that significant variation occurs in S. aureus growth, secondary metabolite catabolism, virulence factor production, and expression of virulence regulators. Taken together, these data suggest that there are multiple physiological characteristics, in addition to genotypic characteristics, that promote successful colonization and pathogenesis. Understanding how intraspecies physiologic diversity contributes to host-pathogen interactions is important to understanding the molecular mechanisms of pathogenesis. For this reason, the whole-genome sequences of these eight S. aureus strains provide an exceptional opportunity to study phenotype-genotype correlations and to begin to understand how intraspecies physiologic diversity impacts host-pathogen interactions.
